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Abstract
To further investigate the role of MyoD during skeletal myogenesis, we backcrossed mdx mutant mice (lacking dystrophin) with MyoD
knock-out mice to obtain viable mice with MyoD allele on a pure mdx background. However, after nine generations of backcrossing, it was
not possible to obtain a viable mdx:MyoD/ phenotype (designated as: mdx:MyoD/9th). The compound-mutant embryos were
examined just before birth. Essentially normal Myf5-dependent and most of the MyoD-dependent musculature was observed. By contrast,
the skeletal muscle compartment of the diaphragm was significantly reduced. The mesenchymal compartment of the diaphragm was intact
and no herniations were observed. Other examined organs (e.g., liver, kidney, brain, etc.) showed no histological abnormalities. Pulmonary
hypoplasia was determined as the cause of neonatal death. Therefore, using a different approach, our new data supplement our previous
findings and suggest an essential role for MyoD in development of skeletal muscle of the diaphragm. The failure of mdx:MyoD/9th
diaphragm to develop normally is not caused by a reduced number of satellite cells, but from the inability of stem cells to progress through
the myogenic program. Our data also suggest that functions of MyoD and Myf5 (and the respective muscle precursor cell sub-populations)
are not entirely redundant by term, as previously suggested, since Myf5 is not capable of fully substituting for MyoD in the diaphragm
development.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The myogenic regulatory factors (MRFs), a group of
basic helix–loop–helix (bHLH) transcription factors con-
sisting of MyoD, Myf5, Myogenin, and MRF4, play impor-
tant regulatory functions in the skeletal muscle developmen-
tal program (Rudnicki and Jaenisch, 1995). In birds and
mammals, MRFs are expressed exclusively in skeletal mus-
cle. Forcing their expression in a variety of different cul-
tured cells induces the skeletal muscle differentiation pro-
gram (Weintraub et al., 1991).
Gene targeting experiments have helped to separate the
role of individual MRFs in skeletal muscle development.
Phenotypic analyses of mouse embryos that lack MyoD,
Myf5, Myogenin, or MRF4 have revealed a hierarchical
relationship and functional redundancy among the MRFs
(Rudnicki and Jaenisch, 1995). Mice lacking either a func-
tional MyoD or Myf5 gene show no overt skeletal muscle
abnormalities, however, possess higher levels of the alter-
nate primary MRF (Rudnicki et al., 1992; Braun et al.,
1992). Mice lacking Myogenin die at birth because of a
substantial reduction in skeletal muscle tissues; however,
normal numbers of MyoD-expressing myoblasts are present
(Hasty et al., 1993; Nabeshima et al., 1993). Null mutations
of MRF4 result in apparently normal skeletal muscle but
display a fourfold increase in Myogenin (Zhang et al.,
1995). Importantly, the skeletal muscle embryonic lineage
is completely absent in compound-mutant mice lacking both
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MyoD and Myf5 (Rudnicki et al., 1993). Therefore, the
family of MRFs can be divided into two functional groups.
The primary MRFs, MyoD and Myf5, appear to be required
for the determination of skeletal myoblasts. The secondary
MRFs, Myogenin and MRF4, act later in the program as
differentiating factors (Megeney and Rudnicki, 1995).
Vertebrate skeletal muscle is derived from multipotential
cells in the prechordal and somitic mesoderm that give rise
to committed myogenic precursor cells, which become the
skeletal muscle of the head, trunk, and limbs. Somites,
which form epithelial spheres on either side of the neural
tube, arise as condensations of paraxial mesoderm. As they
develop, somites become compartmentalized into a dorsal
epithelial dermomyotome (dermis and muscle) and a ventral
mesencymal sclerotome (vertebral column and ribs). All
skeletal muscle precursor cells (mpc) are derived from cells
in the dermomyotome (Hauschka, 1994; Christ and Ordahl,
1995).
Avian lineage tracing experiments have clearly estab-
lished segregation of mpc within the dermomyotome. The
epaxial musculature (i.e., back muscles that extend along
the vertebral column and are innervated by the dorsal rami
of the spinal nerves) originates in the dorsal–medial aspect
of the dermomyotome. The hypaxial musculature (i.e., limb
muscles, tongue, diaphragm, intercostal and abdominal wall
muscles) are innervated by ventral rami of spinal nerves and
originate in the ventral–lateral aspect of the dermomyotome
(Ordahl and Le Douarin, 1992; Christ and Ordahl, 1995;
Ordahl and Williams, 1998; Kablar and Rudnicki, 2000).
The primary MRFs (i.e., MyoD and Myf5) are shown via
immunohistochemical staining experiments to be expressed
in adjacent but distinct regions of the dermomyotome
(Smith et al., 1994). Myf5 is initially expressed in the cells
derived from the dorsal–medial portion (epaxial muscula-
ture) of the dermomyotome, and MyoD is initially ex-
pressed in cells derived from the ventral–lateral portion
(hypaxial musculature) of the dermomyotome. Migration of
hypaxial muscle precursor cells from the ventral–lateral
somite to the limb buds, the tongue, and the diaphragm has
been demonstrated (Ordahl and Williams, 1998).
In mice, Kablar et al. (1997, 1998, 2003) have shown
that MyoD/ embryos display normal but delayed devel-
opment of the skeletal muscle of the limb buds, branchial
arches, tongue, and diaphragm, whereas Myf5/ embryos
display normal but delayed development of the back mus-
culature. The intercostal and abdominal wall musculature
development is delayed in both types of embryos. In addi-
tion, Myf5/:MyoD/ term embryos show 50% reduc-
tion in the diaphragm muscle, whereas Myf5/:MyoD/
term embryos have normal diaphragm (Rudnicki et al.,
1993). Taken together, these findings strongly support the
hypothesis that epaxial muscle development is Myf5-depen-
dent, while hypaxial muscle (and especially the long-range
migrating mpc for the diaphragm) is MyoD-dependent.
As previously stated, mice lacking MyoD are viable and
fertile and their skeletal muscle reveals no morphological or
functional abnormalities (Rudnicki et al., 1992). However,
after acute muscle injury during adulthood, or when bred
into a dystrophin-deficient (mdx) background (designated
as: mdx:MyoD/1st), MyoD/ and mdx:MyoD/1st
mutant mice show significant deficiencies in regeneration
(Megeney et al., 1996). The additional lack of MyoD exac-
erbates the mdx phenotype and the resulting mdx:MyoD/1st
mice display phenotypic traits indicative of significant in-
crease in the penetrance of the murine X-linked muscular
dystrophy (mdx), that is believed to be genetically homol-
ogous with Duchenne Muscular Dystrophy (DMD) (Sted-
man et al., 1991; Megeney et al., 1996). Satellite cells (the
stem cells of the adult skeletal muscle) in mdx:MyoD/1st
mice seem to become activated but are unable to execute the
entire regeneration program properly in the absence of
MyoD (Megeney et al., 1996). In addition, it is recently
demonstrated that MyoD plays a role in determining con-
tractile properties of the diaphragm, possibly by causing a
fast-to-slow shift in MHC phenotype (Staib et al., 2002).
To further investigate the developmental role of MyoD
under the constant regeneration stimulus provided by the
mdx background (which combines the embryonic role of
MyoD in long-range migration of mpc with the adult role of
MyoD in myogenic stem cell function during regeneration),
we interbred MyoD mutant mice with mdx mice carrying a
loss-of-function mutation in the dystrophin gene to generate
mdx:MyoD/ mice. mdx:MyoD/ mice were subse-
quently backcrossed for nine generations to enhance pen-
etrance of the mdx:MyoD/ phenotype. The progeny of
the ninth generation, although viable in utero, died at birth.
Histological examination of these embryos revealed the
cause of death was due to pulmonary hypoplasia secondary
to abnormal development of the diaphragm. In conclusion,
our data clearly demonstrate a role for MyoD in the embry-
onic development of the diaphragm.
Materials and methods
Interbreeding and collection of embryos
mdx mice (i.e., mouse strain C57BL/10 that carry a
loss-of-function point mutation in the X-linked dystrophin
gene and are an animal model for human Duchenne and
Becker muscular dystrophy) (Sicinski et al., 1989) were
bred with MyoD/ mice (i.e., knock-out mice generated
in BALB/c background) (Rudnicki et al., 1992) to generate
mdx:MyoD/ and mdx:MyoD/ mice. These mice
were subsequently backcrossed (i.e., the 10th generation of
mdx:MyoD/ mice was bred with the first generation of
mdx:MyoD/ mice), until no viable mdx:MyoD/
newborn was detectable (i.e., the genotype of all 53 live
newborns after nine generations of backcrossing was mdx:
MyoD/). At that point, embryos from the ninth genera-
tion of backcrossing were collected by Cesarean section on
the embryonic day (E) 18.5 (i.e., 25% of E18.5 embryos
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were mdx:MyoD/ and 75% were mdx:MyoD/) and
prepared for hematoxylin and eosin (H&E) staining and
immunohistochemistry. The embryos generated in the de-
scribed manner were designated as mdx:MyoD/9th to
indicated that they were double-mutant products after nine
generations of backcrossing. Three mdx:MyoD/9th and
three mdx:MyoD/9th newborns were processed for
pathological (i.e., gross anatomical) and histological (i.e., in
serial cross and sagittal H&E sections) analysis of skeletal
musculature and internal organs. Genomic DNA was iso-
lated from the fetal protion of the placenta using the proce-
dure of Laird et al. (1991). Embryos were genotyped by
Southern analysis (Sambrook et al., 1989) of placental DNA
using specific probes as described previously (Rudnicki et
al. 1992; Megeney et al., 1996). Care of animals was in
accordance with institutional guidelines.
Immunohistochemistry
Immunohistochemistry was performed as previously de-
scribed (Kablar et al., 1997, 1998) on paraffin-embedded
Fig. 1. Intercostal and abdominal musculature is normal in mdx:MyoD/9th embryos. The examination of the intercostal (ic) internal, external, and
transversus thoracis (tt) muscle (A, B) and abdominal (C, D) (rectus abdominis, 1, obliquus abdominis, 2, and transversus abdominis, 3) muscles reveals
similar development in both mdx:MyoD/9th (A, C) and mdx:MyoD/:9th (B, D) embryos. Magnification, 100.
Fig. 2. Muscles of the limbs are normal in mdx:MyoD/9th embryos. In the shoulder region and in the upper forelimb (A, B) of mdx:MyoD/9th (A) and
mdx:MyoD/9th (B) embryos, the following muscles are identifiable in this section: deltoideus (d), biceps (b), and triceps (t) brachii. Note the humerus
(H) in (A) and (B). At the level of the lower forelimb (C, D) of mdx:MyoD/9th (C) and mdx:MyoD/9th (D) embryos, the flexor group muscles visible
in this section include: flexor digitorum superficialis (1) and profundus (2), palmaris longus (3), flexor carpi radialis (4), and ulnaris (5) and flexor pollicis
longus (6). The extensor group in this section consists of: extensor digitorum communis (7), extensor pollicis longus (8), extensor carpi radialis brevis (9),
and longus (10), extensor indicis proprius (11), extensor pollicis brevis (12) and abductor pollicis (13), extensor carpi ulnaris (14), and extensor digiti
quarti/quinti (15). Note the radius (R) and ulna (U) in (C) and (D). At the level of the lower hindlimb (E, F) of mdx:MyoD/9th (E) and mdx:MyoD/9th
(F) embryos, the following muscles can be identified in this section: tibialis anterior (1), extensor digitorum and hallucis longus (2), gastrocnemius (3), soleus
and plantaris that becomes continuous with flexor digitorum brevis (4), flexor digitorum and hallucis longus (5), tibialis posterior (6), and the peroneus
muscle group (7). Note tibia (T) and fibula (F) in (E) and (F). Magnification, 50.
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4-m sections with mouse monoclonal anti-desmin anti-
body D33 (1:100, DAKO), mouse monoclonal anti-nestin
antibody Rat-401 (1:4, Developmental Studies Hybrid-
oma Bank, Iowa), mouse monoclonal anti-myosin heavy
chain (MHC) antibody MF20 (1:10; Bader et al., 1982),
rabbit polyclonal anti-Myf5 antibody C-20 (1:100; Santa
Cruz), rabbit polyclonal anti-Myogenin (Myg) antibody
m-225 (1:20; Santa Cruz), mouse monoclonal anti-Pax7
antibody (1:10; Developmental Studies Hybridoma Bank,
IA), and mouse monoclonal anti--sarcomeric actin (1:600;
Sigma). Cell proliferation was detected by immunolabeling
of the sections with mouse monoclonal antibody (Dako)
diluted 1:500 against proliferating cell nuclear antigen
(PCNA).
TUNEL in situ detection
Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labelling (TUNEL) method was employed to iden-
tify the apoptotic cells (R&D Apoptosis Detection Kit). In
brief, after protein kinase (15 min) and quenching steps, the
sections were labelled by biotinylated nucleotides using
Terminal deoxynucleotidyl Transferase (TdT) enzyme for
1 h in a humidity chamber at 37°C. The incorporated nu-
cleotides were detected by using streptavidin solution. The
sections were counterstained with hematoxylin.
Morphometry
Morphometric analysis was performed on horizontal and
sagittal serial sections through the diaphragm. Counts were
made under high magnification (400) in every 10th sec-
tion. Skeletal muscle fibers were counted in a vertical line
running from one side of the diaphragm (i.e., the lung side)
to the other (i.e., the liver side). Thus, the data presented are
the actual counts multiplied by 10 and then divided by the
total number of sections per region to yield the number of
skeletal muscle fibers per section in 1 segment of the dia-
phragm.
Counts of nuclei or fibers positive for Pax7, PCNA,
TUNEL, Myf5, Myogenin, nestin, desmin, MHC, and actin
were performed by employing a morphometric grid in the
eye piece of the microscope. The number of positive nuclei
and fibers was counted under the magnification of 400 times
in 7 randomly chosen microscopic fields with the area of 9
mm2 per field. Morphometric analysis was performed inde-
pendently by 2 individuals.
To evaluate the significance of differences in the number
of nuclei or fibers between mdx:MyoD/9th and com-
pound-mutant diaphragms, the mean and standard deviation
(SD) were calculated for counts of each genotype and t tests
were performed. All P values are two-sided.
Results
mdx:MyoD/9th newborns die shortly after birth
Immediately upon delivery (postnatal day, P, 1) or after
Cesarean section (E18.5), mdx:MyoD/9th newborns ap-
peared indistinguishable from their mdx:MyoD/9th lit-
termates. Their body weight was 1.1  0.1 g and did not
differ from the body weight of mdx:MyoD/9th litter-
mates (i.e., 1.1 0.1 g). They performed some spontaneous
and inducible limb movements. By contrast, they performed
no breathing movements and within minutes after delivery
became cyanotic and died. Until that moment, their hearts
were beating. Embryos were assessed gross anatomically
and in serial H&E sections.
Importantly, the mdx:MyoD/ or mdx:MyoD/
E18.5 embryos and newborns from the first through the
eighth generation of breeding were completely normal in
terms of their skeletal muscle and other organ development.
They were viable and fertile and were used to generate the
subsequent generations of mutants.
Myf5-dependent musculature develops normally
in mdx:MyoD/9th embryos
To examine whether different muscles of the back nor-
mally develop in the absence of MyoD, we compared mdx:
MyoD/9th with mdx:MyoD/9th term embryos gross
anatomically and in histological sections. Indeed, as antic-
ipated, the examination of the cervical, thoracic and lumbar
back muscles revealed similar development in both mdx:
MyoD/9th and mdx:MyoD/9th embryos. The analysis
was done by using “The Atlas of Mouse Development”
(Kaufman, 1999) and “The Anatomy of the Rat” (Green,
1955).
Gross anatomically and in histological sections, we were
able to identify in the neck region (data not shown) the
superficial cervical muscle platysma (panniculus carnosus),
followed by identification of the trapezius muscle (i.e., its
posterior portion that arises from the nuchal line called
clavotrapezius), the scalenus posterior (i.e., arises from the
transverse processes of cervical vertebrae), and deposits of
brown multilocular fat (Green, 1955; Kaufman, 1999).
Consistently, back muscle development showed normal
anatomical distribution at the thoracic and lumbar levels in
both mutants. The posterior muscles of the thorax, such as
cutaneous muscle of the trunk (m. cutaneous maximus),
trapezius, semispnalis dorsi, and cervicis, as well as the
posterior muscles of the abdomen, such as psoas major,
psoas minor, iliacus, and quadratus lumborum, were clearly
visible (data not shown).
Together, these data confirm our previous results that the
absence of MyoD does not affect development of the Myf5-
dependent back musculature (Braun et al., 1992; Kablar et
al., 1997, 1998; Kablar and Rudnicki, 2000). Additional
experiments should be performed employing conditional
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(and viable) Myf5/mice (i.e., Myf5FGF6-ki and Myf5loxP)
(Kaul et al., 2000) backcrossed in the mdx background to
further our understanding of Myf5 function in muscle de-
velopment and regeneration.
Intercostal and abdominal musculature develops normally
in mdx:MyoD/9th embryos
Our previous findings indicate that both Myf5 and MyoD
are necessary for normal development of intercostal and
abdominal musculature, but in the absence of either one of
them the function is substituted by the remaining factor
(Kablar and Rudnicki, 2000). To examine whether the de-
velopment of intercostal and abdominal muscles normally
proceeds in the absence of MyoD, we compared
mdx:MyoD/9th with mdx:MyoD/9th term embryos
gross anatomically and in histological sections, according to
Kaufman (1999) and Green (1955). As anticipated, the
examination of the intercostal (i.e., internal, external, and
transversus thoracis) and abdominal (i.e., rectus abdominis,
transversus abdominis, obliquus externus/internus abdomi-
nis) muscles revealed similar development in both
mdx:MyoD/9th and mdx:MyoD/9th embryos (Fig. 1,
and data not shown).
Together, these data suggest that functions of Myf5 and
MyoD become entirely redundant later in development re-
sulting in Myf5-driven production of normal intercostal and
abdominal muscle groups in the absence of MyoD, as pre-
viously indicated (Rudnicki et al., 1992; Kablar et al., 1997,
1998; Kablar and Rudnicki, 2000).
Muscles of the limbs develop normally
in mdx:MyoD/9th embryos
MyoD is suggested to be necessary for normal develop-
ment of the limb muscles, but, in the absence of MyoD,
Myf5 can entirely substitute for its function by term (Kablar
and Rudnicki, 2000). To examine whether the development
of limb muscles proceeds normally in the absence of MyoD
(and whether Myf5 can fully substitute for MyoD by term),
we compared mdx:MyoD/9th with mdx:MyoD/9th
term embryos gross anatomically and in histological sec-
tions, according to Kaufman (1999) and Green (1955). Ex-
amination of MyoD-dependent muscle groups within the
anterior and posterior appendages revealed no obvious ab-
normality of either the flexor or extensor muscle groups in
both mdx:MyoD/9th and mdx:MyoD/9th groups. Ad-
ditional muscles present in the appendages of mice, which
are rarely or not at all present in humans include: epitroch-
leoanconeus (anterior appendage), caudofemoralis, and per-
oneus digiti quinti (posterior appendage) (Green, 1955).
Muscles identifiable in the shoulder girdle region were:
acromiodeltoideus, spinodeltoideus, subscapularis, su-
praspinatus, infraspinatus, and teres major/minor, whereas
in the upper forelimb (i.e., brachium): biceps and triceps
brachii, coracobrachialis, and brachialis (Fig. 2A and B,
and data not shown).
At the level of the antibrachium (i.e., lower forelimb),
the flexor group muscles included: flexor digitorum super-
ficialis and profundus, palmaris longus, flexor carpi ulnaris/
radialis, pronator quadratus, and pronator teres. At the
same level, the extensor group consisted of: extensor digi-
torum communis, extensor pollicis longus/brevis, abductor
pollicis, extensor indicis proprius, extensor carpi ulnaris,
extensor carpi radialis longus/brevis, extensor digiti quarti/
quinti (Fig. 2C and D, and data not shown).
Similarly to what observed in the anterior appendages,
identification of the majority of muscle groups was made in
the posterior appendages (i.e., thigh and lower leg) (Fig. 2,
and data not shown).
Identifiable muscles of the thigh (i.e., upper hindlimb)
were: the four portions of the quadriceps group (i.e., m.
extensor quadriceps femoris, consisted of: m. rectus fem-
oris, m. vastus letralis/medials/intermedius), medial fem-
oral muscles (i.e., m. adductor magnus/longus/brevis, m.
pectineus), and posterior femoral muscles (or hamstring
muscles) (i.e., m. biceps femoris, m. semimembranosus,
and m. semitendinosus). No clear visualization was made
of m. sartorius (N.B., in rodents, not a distinct muscle)
(Green, 1955) and m. gracilis muscles (i.e., medial fem-
oral muscles; these muscles have very thin cross-sections
making it difficult to identify from the larger muscular
groups).
Within the lower leg, identification can be made of: the
anterior crural muscles (i.e., m. tibialis anterior, m. extensor
digitorum longus, and m. extensor hallucis longus), the
posterior–superficial crural muscles (i.e., m. triceps surae
consisting of m. gastrocnemius and m. soleus and m. plan-
taris that becomes continuous with m. flexor digitorum
brevis), the posterior-deep crural muscles (i.e., m. flexor
hallucis longus, m. flexor digitorum longus, and m. tibialis
posterior), and the peroneus (or lateral crural) muscle group
(i.e., m. peroneus longus/brevis/digiti quarti/digiti quinti)
(Fig. 2E and F, and data not shown).
Absolute certainty in identification of individual limb
muscles cannot be assured on transverse sections due to the
differences of relative positioning in the mouse which in
comparison to humans is a quadrapedal animal. However,
comparison of mdx:MyoD/9th and mdx:MyoD/9th
sections shows close similarity, indicating consistency of
muscle patterning in the anterior and posterior limbs of the
two groups.
Together, it appears that the functions of Myf5 and
MyoD in the development of this muscle group are re-
dundant, resulting in Myf5-driven production of normal
limb muscles in the absence of MyoD (Rudnicki et al.,
1992; Kablar et al., 1997, 1998; Kablar and Rudnicki,
2000).
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Fig. 3. The number and the size of skeletal muscle fibers in the diaphragm is significantly reduced in mdx:MyoD/9th embryos. Transverse sections through
the diaphragm reveal decreased thickness of the central dome region of the diaphragm of mdx:MyoD/9th embryos (arrowheads in B) in comparison to
mdx:MyoD/9th (arrowheads in A). Thinning is particularly present along the sternal and costal–vertebral portions of the diaphragm in sagittal sections
(compare mdx:MyoD/9th in C to mdx:MyoD/9th in D). The thinnest (compare regions labeled with an arrowhead in C and D) and the thickest (compare
regions labeled with an arrow in C and D) segment of the mdx:MyoD/9th diaphragm (D) has a significant reduction of muscle fibers when compared with
mdx:MyoD/9th (C). Examination of MyoD-dependent muscles in the region of the tongue (E) and the face (F) reveals no obvious abnormalities in
mdx:MyoD /9th (E, F) embryos. Magnification, 50 (A, B), 100 (C–F).
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Development of other MyoD-dependent muscles
in mdx:MyoD/9th embryos
MyoD is suggested to be necessary for normal develop-
ment of the facial muscles, the tongue and the diaphragm. In
the absence of MyoD, Myf5 can entirely substitute for its
function by term (Kablar and Rudnicki, 2000). To examine
whether the development of the facial muscles, the tongue,
and the diaphragm muscles proceeds normally in the ab-
sence of MyoD (and whether Myf5 can fully substitute for
MyoD by term), we compared mdx:MyoD/9th with
mdx:MyoD/9th term embryos gross anatomically and in
histological sections, according to Kaufman (1999) and
Green (1955).
Examination of the diaphragm revealed a drastic re-
duction of its skeletal muscle compartment in
mdx:MyoD/9th E18.5 embryos. The diaphragm was vi-
sualized from its start: the fibrous components of the false
ribs, the last true rib, and the internal surface of the ensiform
cartilage (Green, 1955). It was inserted between the ribs and
the spine. It contained foramen dextrum (for vena cava
inferior) and sinistrum (for esophagus) and hiatus aorticus
(for aorta). Close to the vertebral column, two large muscle
processes could be found (crura).
Examination of transverse sections revealed decreased
thickness through portions of the central dome region of the
diaphragm of mdx:MyoD/9th embryos (Fig. 3A and B).
Similar regions were noticed in the diaphragm of
mdx:MyoD/9th embryos, but they were significantly
fewer (e.g., two thin segments in mdx:MyoD/9th em-
bryos versus 3–5 thin segments in mdx:MyoD/9th em-
bryos) and shorter in their length (i.e., the thin segments in
the double-mutant diaphragm were 2–3 times longer com-
pared with the mdx:MyoD/9th). By contrast, the thinning
visualized in sagittal sections along the sternal and costal–
vertebral portions of the diaphragm was only visible in
mdx:MyoD/9th embryos (Fig. 3C and D). The thinnest
segment of the mdx:MyoD/9th diaphragm contained 3
2 fibers, whereas the corresponding segment of the
mdx:MyoD/9th diaphragm contained 27  3 fibers. The
thickest segment of the mdx:MyoD/9th diaphragm con-
tained 11  3 fibers, whereas the corresponding segment of
the mdx:MyoD/9th diaphragm contained 28  3 fibers.
Therefore, the decrease in thickness of the mdx:MyoD/9th
diaphragm ranged from 61% (in its thickest portion) to 88%
(in its thinnest portion). The difference was statistically
significant (P  0.001, t test).
Together, these data suggest that development of the
diaphragm (i.e., the number and/or size of skeletal muscle
fibers) is a MyoD-dependent process that cannot be substi-
tuted by Myf5 even by the end of gestation.
Finally, examination of MyoD-dependent muscles in the
region of the face (e.g., platysma, orbicularis oris, bucci-
nator, masseter, temporalis) and the tongue revealed no
obvious abnormalities in both mdx:MyoD/9th and
mdx:MyoD/9th groups (Fig. 3E and F).
Mechanisms causing the decreased thickness of the
mdx:MyoD/9th diaphragm
In an attempt to understand the underlying mechanisms
of the observed phenotype in the diaphragm, a panel of
antibodies reactive with proteins expressed in specified
myogenic precursor cells (e.g., Myf5), in myoblasts (e.g.,
Myogenin, nestin, and desmin), and in differentiated myo-
tubes (e.g., MHC and actin) was employed (Fig. 4). While
Myf5 and Myogenin are MRFs, desmin and nestin are
intermediate filaments. They are expressed in both prolifer-
ating myoblasts and newly formed differentiating myocytes.
MHC and actin are expressed exclusively in terminally
differentiated myotubes and myofibers (Bischoff, 1994;
Hauschka, 1994).
Table 1
Comparison of the immunohistochemical results against Myf5,
Myogenin, nestin, desmin, MHC, and actin in the diaphragm
of mdx:MyoD/9th and mdx:MyoD/9th term embryos
mdx:MyoD/9th mdx:MyoD/9th
anti-Myf5 4.0 0.3 4.6  0.3
anti-Myogenin 2.8 0.3 4.7  0.3*
anti-nestin 5.0 0.8 9.3  1.7*
anti-desmin 25.2 2.2 20.7  3.1*
anti-myosin/MCH 22.1 1.4 18.7  1.3*
anti-actin 22.4 3.5 18.5  2.3*
Note. Values of parameters characterizing positive nuclei/fibers are pre-
sented as the mean SD; (*) the significantly different number (t test,
P  0.05).
Table 2
Comparison of the immunohistochemical and in situ apoptosis results
against PCNA, Pax7, and TUNEL, respectively, in the diaphragm of
mdx:MyoD/9th and mdx:MyoD/9th term embryos
mdx:MyoD/9th mdx:MyoD/9th
PCNA 84.0 7.1 62.6 8.7*
TUNEL 0.0 4.0 1.0*
Pax7 34.6 2.9 75.3 4.1*
Note. Values of parameters characterizing positive nuclei are presented
as the mean  SD; (*) the significantly different number (t test, P  0.05).
Fig. 4. An increased expression of Myogenin and nestin are found in the thinned diaphragm. In the diaphragm of mdx:MyoD/9th (A, C, E, G, I, K) and
mdx:MyoD/9th (B, D, F, H, J, L) embryos, the expression of Myf5 (A, B) is undistinguishable. By contrast, the expression of Myogenin (C, D) and nestin
(E, F) is upregulated in the double-mutant diaphragm (D, F), while the number of desmin (G, H), MHC (I, J), and actin (K, L)-positive fibers is decreased
in mdx:MyoD/9th embryos. Immunohistochemical signal is red–brown (and also indicated by arrowheads in the insets A–F), and hematoxylin
counter-staining is blue. Magnification, 400, 1000 (insets)
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When compared, the number of Myf5-positive nuclei did
not differ between mdx:MyoD/9th and mdx:MyoD/9th
diaphragm (Table 1), indicating that the number of specified
myogenic precursor cells was normal in the compound-
mutant diaphragm. By contrast, the number of Myogenin-
positive nuclei of nestin-positive cells significantly differed
between mdx:MyoD/9th and mdx:MyoD/9th dia-
phragm (Table 1). The upregulation of Myogenin in mdx:
MyoD/9th resembles previously reported upregulation of
Myf5 in MyoD/ embryos (Rudnicki et al., 1992; Kablar
et al., 1997) or Myogenin in MRF4/ mice (Zhang et al.,
1995). The upregulation of nestin may indicate an increase
in the amount of unspecified myogenic precursor cells (i.e.,
skeletal muscle stem cells prior to the expression of Myf5 or
MyoD), as previously suggested for mdx:MyoD/1st
(N.B., the first generation of crossing) mice (Megeney et al.,
1996). The total amount of fibers positive for desmin, MHC,
and actin was obviously decreased in thinned diaphragm of
double-compound embryos (Fig. 4, and Table 1).
To gain insight into the stem cells status in the skeletal
muscle compartment of the diaphragm (i.e., satellite cells),
we employed Pax7 immunohistochemistry. Pax7 is a paired
box transcription factor specifically expressed in cultured
satellite-derived myoblasts and in satellite cells residing in
adult muscle (Seale et al., 2000). In this study, Pax7 was
used as satellite cell marker in term embryos that were
under the constant regeneration stimulus provided by the
mdx background (Megeny et al. 1996). When compared, the
number of Pax7-positive nuclei significantly differed be-
tween mdx:MyoD/9th and mdx:MyoD/9th dia-
phragm, indicating that the number of satellite cells is in-
creased in the compound-mutant diaphragm (Table 2).
Immunohistochemistry against PCNA revealed that the
number of proliferating cells in the E18.5 (i.e., just before
the birth; the most relevant period for the development and,
in this case, regeneration of the dystrophic main respiratory
muscle, considering the switch between the fetal breathing
movements and real breathing; Tseng et al., 2000)
diaphragm decreased in the skeletal muscle compartment
of mdx:MyoD/9th embryos in comparison to
mdx:MyoD/9th littermates. The morphometrical and sta-
tistical data showed that the average number of the PCNA-
immunoreactive cells in the diaphragm of mdx:MyoD/9th
embryos was significantly lower than that of mdx:MyoD/9th
embryos (Table 2). Consistently, while mdx:MyoD/9th
diaphragm contained no apoptotic cells, the double-mutant
diaphragm contained 4  1 cells per section (Fig. 5, and
Table 2).
Together, it appears that the excess of stem cells ob-
served in mdx:MyoD/9th embryos was produced earlier
in development (because, at the examined stage, the number
of PCNA-positive cells was significantly lower). It also
appears that those cells do not upregulate Myf5 (i.e., there is no
difference in Myf5 expression between mdx:MyoD/9th and
mdx:MyoD/9th) and therefore do not specify in the absence
of MyoD.
Discussion
The aim of this study was to further investigate the role
of MyoD in the development of skeletal muscle. We inter-
bred MyoD mutant mice with mdx mice and backcrossed
them for nine generations to enhance the penetrance of the
mdx:MyoD/ phenotype. Generated mdx:MyoD/9th
embryos were viable only in utero. Careful analysis of these
embryos revealed that the cause of death was due to pul-
monary hypoplasia secondary to abnormal development of
the diaphragm. In conclusion, our data suggest a role for
MyoD in the diaphragm development.
The role of MyoD in skeletal muscle development was
previously studied by using two different kinds of trans-
genic mice. One kind contained MD6.0-lacZ transgene,
expressed in differentiated myocytes (Asakura et al., 1995;
Kablar et al., 1997, 1998), whereas the other kind contained
258/2.5lacZ transgene, expressed in determined myogenic
precursor cells following translocation (Kablar et al., 1998,
1999). The analysis of the expression pattern of the two
MyoD-lacZ transgenes, followed by immunohistochemistry
against a panel of skeletal muscle markers (e.g., Myf5,
MyoD, Myogenin, nestin, desmin, myosin heavy chain,
etc.) revealed that in the absence of MyoD differentiation of
hypaxial muscles was delayed (and only later in develop-
ment was rescued by Myf5). In these experiments, the most
affected muscles were arising from the migratory skeletal
muscle precursor cells (i.e., precursors for branchial arches,
tongue, limbs, and diaphragm). Together, the results of
these experiments led to the conclusion that MyoD plays a
unique role in development of hypaxial muscle derived
from migratory myogenic precursor cells (for review, see
Kablar and Rudnicki, 2000).
However, some differences in the molecular mechanisms
underlying the development of different groups of migra-
tory hypaxial muscles have been reported. For instance,
development of the branchial arches muscles and the tongue
does not depend on Pax3 (a member of the paired-box-
containing transcription family), whereas Splotch (or
Pax3/) embryos completely lack the muscular compo-
nent of the diaphragm and the limb musculature (Li et al.,
1999).
Indeed, the mouse diaphragm is considered to be devel-
oped from the myogenic precursor cells originating in the
forelimb mesoderm (Jinguji and Takisawa, 1983). Appar-
ently, the diaphragmatic muscle mass originates from the
fourth and fifth cervical somites and migrate toward the
transverse septum. During that migratory event, the pre-
muscle mass for the future diaphragm is connected to the
premuscle mass for the forelimb. As the migration proceeds,
the diaphragm premuscle mass increases in amount of cells,
separates from the forelimb mesoderm, and arrives in its
adult position at the border between thorax and abdomen.
The close embryonic development of the two muscle
groups, together with their dependence on Pax3 (Li et al.,
1999), suggests that the diaphragm and the limb muscula-
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ture have similar molecular requirements, but distinct from
the other hypaxial musculature.
However, there are a number of complex architectural,
embryological, and physiological differences between limb
musculature and the diaphragm (Gordon et al., 1989; Leak,
1979; Yiping et al., 1992). For instance, it is well estab-
lished that in muscular dystrophy the diaphragm is more
severely affected than limb musculature (Dupont-Versteeg-
den and McCarter, 1992), because of a decreased ability of
both myoblasts and fibroblasts to proliferate and regenerate
(Anderson et al., 1998).
Indeed, in compound-mutant embryos, whose mdx back-
ground provides a constant stimulus for regeneration, we
find an increased amount of unspecified myogenic precursor
cells or satellite cells (i.e., upregulated nestin and Pax7
expression, respectively) that are arrested in their develop-
mental program (i.e., normal expression of Myf5 in com-
pound-mutant diaphragm indicates that the excess of satel-
lite cells does not specify into myogenic precursor cells).
Moreover, considering that Pax7 is also expressed in em-
bryonic muscle precursor cells (Jostes et al., 1990), it is
possible that the Pax7 cells represent an embryonic lineage
that fails to develop. Together, these anomalies may be the
reason for the observed developmental defect in the dia-
phragm. In addition, cells in the double-mutant diaphragm
have a decreased number of proliferating cells and an in-
creased number of apoptotic cells that could also be a
contributing factor to the formation of the observed pheno-
type.
Alternatively, considering that the differences in
desmin-, MHC-, and actin-positive fibers are relatively
small (approximately 20%) in comparison with the amount
of tissue reduction in the diaphragm (approximately 60–
90%), the question that arises is what the missing cells are
and why they are absent. One possibility is that, in the
double-mutant background, the mutation affects an early
developmental event (e.g., definition of Myf5 and MyoD
subpopulations of myogenic precursor cells) and the dia-
phragm is the place where, later in development, the Myf5-
dependent subpopulation could not fully substitute for the
MyoD subpopulation, as they appear to do elsewhere.
In conclusion, we propose that the failure of mdx:
MyoD/9th diaphragm to develop normally is not caused
by a reduction in numbers of satellite cells, the stem cells of
skeletal muscle, but results from an inability of stem cells to
proliferate (e.g., decreased PCNA index in compound-
Fig. 5. An increased number of Pax7-positive satellite cells is found in the
thinned diaphragm. In mdx:MyoD/9th (A) and mdx:MyoD/9th (B)
embryos, the expression of Pax7 in satellite cells (arrows in A and B) is
indicated. mdx:MyoD/9th diaphragm has significant increase in num-
bers of Pax-7-expressing satellite cells (see Results). In addition, the
apoptotic skeletal muscle nuclei are clearly detected inside the fibers of the
thinned diaphragm of mdx:MoyD/9th embryos (arrowheads in C). No
apoptotic nuclei is found in mdx:MyoD/9th diaphragm (D). Magnifica-
tion, 1000.
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mutant diaphragm), survive (e.g., increased apoptosis in
compound-mutant diaphragm), and progress through the
myogenic program (e.g., Pax-7-expressing satellite cells do
not undergo specification, i.e., they do not upregulate
Myf5). Alternatively, the diaphragm may be the place
where, later in development, the Myf5-dependent subpopu-
lation of myogenic precursor cells could not fully substitute
for the MyoD subpopulation. Moreover, these data also
suggest that a change in the expression and regulation of
some unknown modifier genes (as a consequence of back-
crossing) results in preventing Myf5 to completely substi-
tute for MyoD in the diaphragm development even by the
term.
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